US008594446B2
a2y United States Patent (10) Patent No.: US 8.594.446 B2
Morales 45) Date of Patent: Nov. 26, 2013
(54) METHOD FOR ENHANCING A DIGITIZED 6,317,521 Bl ~ 11/2001 Gallagher et al.
DOCUMENT 6,343,158 B1* 1/2002 Shiohara ....................... 382/261
6,351,566 Bl 2/2002 Zlotnick
. .
(75) Inventor: Efrain Orlando Morales, Rochester, g:gﬁ:gg E 3//3882 g;gig,e etal o 382/254
NY (US) 7,057,595 Bl 6/2006 Benyoub
7,158,686 B2 1/2007 Gindele
(73) Assignee; Fastman Kodak Companyj Rochester, 7,181,086 B2* 2/2007 Gindeleetal. ................ 382/265
NY (US) 7,215,821 B2* 5/2007 Schuhrke etal. ............. 382/254
7,280,703 B2* 10/2007 Gallagheretal. ............ 382/260
: : : : : 7,636,467 B2  12/2009 Burian et al.
(*) Notice:  Subject to any disclaimer, the term of this 7.970.234 B2* 6/2011 Parketal. w.ooooooovvvi... 382/275
patent 1s extended or adjusted under 35 2005/0265625 Al1* 12/2005 Lietal. ..cccoovvrirnnnee 382/274
U.S.C. 154(b) by 142 days. 2008/0002906 A1*  1/2008 Wangetal. ................... 382/270
(21)  Appl. No.: 13/348,676 * cited by examiner
(22) Filed: Jan. 12. 2012 Primary Examiner — L1 Liu
(74) Attorney, Agent, or Firm — Kevin E. Spaulding
(65) Prior Publication Data
(37) ABSTRACT
US 2013/0182950 Al Jul. 18, 2013
A method for enhancing a digitized image of a document
(51) Int.CL containing text or graphics. The digitized image 1s decom-
GO6K 9/40 (2006.01) posed mto a low-Irequency pedestal image and a high-ire-
(52) U.S. CL quency residual image. A first gain factor image 1s determined
USPC o, 382/254; 382/260; 382/2°70 by applying a first tonescale function to the residual image,
(58) Field of Classification Search and a second gain factor image 1s determined by applying a
USPC oo e, 382/254,260-275  second tonescale function to the residual image pixel values,
See application file for complete search history. wherein parameters defining the tonescale functions are
determined by analyzing the pedestal and residual images. An
(56) References Cited enhanced document 1mage 1s formed by combining a scaled

pedestal image determined by multiplying the pedestal image
by the first gain factor image, and a scaled residual 1mage
determined by multiplying the residual image by the second

U.S. PATENT DOCUMENTS

5,012,333 A 4/1991 Lee et al.

5454,044 A 9/1995 Nakajima gain factor image.
5905817 A *  5/1999 Matama ....................... 382/260
6,285,798 B1*  9/2001 1€ ovveioovvrovrrreorrroi 382/260 23 Claims, 8 Drawing Sheets
200~ , “
DIGITIZED IMAGE
A\ -
210~ - L 205 l 215 .
PEDESTAL DECOMPOSE
AGE —— A GE —\{ RESIDUAL IMAGE
A A S
240 A% 220 \ 230 \ 250 \
DETERMINE DETERMINE DETERMINE DETERMINE
SCALED FIRST GAIN SECOND GAIN SCALED
PEDESTAL IMAGE FACTOR IMAGE FACTOR IMAGE RESIDUAL IMAGE
245 - l ~ | 225 " l ~ 235 W l 255 e l “
Pﬁ%ﬁ’:ﬁﬁ " FIRST GAIN SECOND GAIN SCALED
AGE FACTOR IMAGE FACTOR IMAGE RESIDUAL IMAGE
\. y, \, J \, \. y

260~ { 265

DETERMINE N
ENHANCED 4\{ E"mifé%!fﬂ
IMAGE J




} Old

US 8,594,446 B2

WHLSAS

FOVAHILNI H3ST)

Sheet 1 of 8

WHLSAS INTISAS

071 I\ f=Elglall=Elal INISSTO0dHd V.LVd

WHLSAS

FOVHOLS VIvVd

Nov. 26, 2013

U.S. Patent

0L

0L}

4



US 8,594,446 B2

Sheet 2 of 8

Nov. 26, 2013

U.S. Patent

FOVNT 1VNAISFH
d4'1vOS

JOVINI TVNAISdd
CE N AON)

ININGF1Fd

JOVINI TVNAISdH

GGc

0G¢

GiLcC

FOVINI

JJIONVHNS

FOVNI HOLOVH
NIVD ANODIS

FOVWI JOLOVH
NIVD ANQOIS
INIWSEF 130

¢ 9l
EBYZL]

AIDONVYHNT

ININETL3a
g9z 097

FOVNI HOLDVH FOVNI
NIVD 1S4 TV.LS3d3d
a3ivos

GEZ cz7

FOVINI JOLIVS
NIVD LSHIH

JOVNI IVLSIddd
d4'1voSs
INIWSHF 13

ININSGFLTJ
0£¢C 077

FJOVNI
1V.LS3ddd

FJOVNI
FS0dW0OOFd

GOc

FOVNI d3ZIL191d

00<¢

Gvc

044

0ic



£ Old

US 8,594,446 B2

OV IOV
AREEE, WNAISTY
- o
I
- | SIOVAT _
g _ WYNAISTY _
= _ ININGTLIT
_ GLE _
- _ IOV —ou SOVAI |
= ADNINOTHFMOT - AONINOTHAMOT |
< | JIdWVYSdN AININOIEFMOT ININGTLIC |
S _ 00€
> |
2 | |
|||||| N
602
JOVWI GIZILIDIT
002

U.S. Patent



US 8,594,446 B2

Sheet 4 of 8

Nov. 26, 2013

U.S. Patent

FJOVNI HOLOVH
NIVY LSl

HOLOVH NIV |

1SYIH TVILINI LSHIH ATddY

NOILINNA NOILLONMNA

FIWISINOL F1IVISINOL
1SHId AlddV 1Sl

NOILONIMH
F1IVISINOL

1S4 ANINSGF13d

(“1) GTOHSIHHL
TYNaIS3y

JTOHSJHHIL
vNals4d
ININSF15d

FOVNI TVNAIS3d

I
7V | dFL1d SSVI-MOT |

06y

Gry

GLC

(* "9) NIVD
WNWINIWN 1SYIH

A L xet

D) NIVD
WNWIXYW 1SS14

NIVO
WNNIXYN LSHIH
INIWNHFLFd

CM) FLIHM
INIHEND

FLIHM INJHEHNO

INIWHFLFd

FOVINI
V.iSdddd

v "OId

Gy

Ocvy

M) FLIHM

1394VI

GLY
OLvy

GOy

L__________________

0lLc



FOVNIT HOLOVH
NIVD ONOOJS

US 8,594,446 B2

EEINE NOILONNS
|| sswamor 37v0SINOL NIV NIVININ
| 1 NOOTS ATddY K aNOD3S
T T T T T \G56 0¥S 0ES

|
" | NOILONNA
< 1 | ¥oLOVH NIVD JIVIOSINOL NIVO WNNIXYIN
- | \GNOD3S TVILINI aNOD3S INIWHFL3A ONOD3S
- _ 0GS GZS
= _ NOILDONNH NIVO WNWIXYIN
& JIVOSINOL aNOD3S
| | anvoD3S ATdaY ININYTLIT
| oT4® 0ZS
& | 5 :
= ("g) ¥ov19 ('g) ¥ov19
« | INIHHND V=R
< _ LG
o
z | MOVIg INFHEND MOVIg 1398V
| ININSYTLIT ININYT LI
|
e e e e e e . e . S S S T T S G S G S S S S S e e e S S S E—

FIVINI

OV TvNdadiS3dd V1 S3Ia3d

Gic

U.S. Patent




U.S. Patent Nov. 26, 2013 Sheet 6 of 8 US 8,594,446 B2

—
X
Y
-
O
=
Q
I
O
=
T
n S
-]
< © .
3 O
m —
= LL
S 7
I LD
7 LD
& ¥ i
LL.

Gmin,1



US 8,594,446 B2

Sheet 7 of 8

Nov. 26, 2013

U.S. Patent

(A'X)H

‘Ui
‘"9

0vS

NOILONNA 4 TVOSINOL ANODIS

O
an

'xew
¢ 0



U.S. Patent Nov. 26, 2013 Sheet 8 of 8 US 8,594,446 B2




US 8,594,446 B2

1

METHOD FOR ENHANCING A DIGITIZED
DOCUMENT

FIELD OF THE INVENTION

This invention pertains to the field of digital image
enhancement and more particularly to a method for enhanc-
ing a digitized document.

BACKGROUND OF THE INVENTION

Digital scanners (e.g., tflatbed scanners) generally 1llumi-
nate a document with a uniform intensity of light having a
known 1llumination spectrum from a controlled light source
and capture a digital image of the document using a digital
sensor having a plurality of sensor pixels. The reflectance
over a small area of the document can be determined from the
sensed pixel value for a corresponding sensor pixel that cap-
tures the light reflected by the small document area. The
collection of the sensed pixel values comprises a digitized
document.

Many digital scanners provide various 1image correction
and enhancement algorithms for processing the digitized
document. One class of algorithms that 1s commonly applied
1s background correction wherein the background reflectance
of the digitized document 1s automatically determined and
corrected to render it to a specified color (e.g., white).

When utilizing other means of digitizing a document, such
as by capturing an 1mage of the document using a digital
camera or camera phone, the 1llumination of the document 1s
often uncontrolled and unknown. Therefore, the reflectance
across the document background cannot be easily determined
and used to automatically correct the background of the digi-
tized document. Digital cameras and camera phones typically
perform automatic white balancing, but often the white bal-
ancing 1s designed to balance indoor or outdoor scenes rather
than images of documents, and therefore the automatic white
balancing often performs poorly when applied to a digitized
document.

Binarization methods that set the background to white and
the text or graphics to black are sometimes used to process
digitized documents in order to improve the legibility of the
document. A digitized document can also be binarized to save
digital memory space but this aspect of binarization 1s not
discussed here.

The simplest binarization method, one that 1s well-known
to those skilled 1n the art, 1s to employ a global thresholding,
operation. Any pixel values 1n the digitized document that are
above a specified global threshold are set to white and any
pixel values that are below the global threshold are set to
black. A drawback of this simple method 1s that 1t produces
visually unpleasant binarized documents 1n the presence of
1llumination non-umiformity and imaging noise. The artifacts
that this method can produce include ragged edges and clouds
of black dots 1n areas where the 1llumination during digitiza-
tion was darker than other areas of the document. Many
methods have been disclosed that increase the complexity of
binarization in order to produce visually-pleasing binarized
documents.

A binarization method as described by Burian et al. in U.S.
Pat. No. 7,636,467, enfitled “Binarization ol an image,”
employs locally-adapted thresholds derived from moving
pixel sums followed by corrections using binary median and
binary morphological operations. The binary correction steps
significantly increase the complexity of this method.

Another binarization method 1s described in U.S. Pat. No.
6,941,013 to Drayer, entitled “Method of image binarization
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2

using histogram modeling,” wherein pixel value histograms
are modeled. Each pixel value 1s classified as being either
foreground or background based on the pixel value histo-
gram, and the classified pixel values are quantized accord-
ingly. The histogram modeling step significantly increases
the complexity of this method.

U.S. Pat. No. 6,351,566 to Zlotnick, entitled “Method for
image binarization,” describes a binarization method that
includes optimizing a merit function to find a middle thresh-
old and a pixel value difference parameter responsive to the
statistics of the pixel values. A trinanzing operation 1s applied
to the 1mage using the middle threshold and the pixel value
difference parameter, and the middle-valued pixels are then
binarized in the trinary image to form a binary image. The

optimization step significantly increases the complexity of
this method.

U.S. Pat. No. 7,057,595 to Benyoub et al., entitled “Image
binarization method,” discloses an approach that combines
several binarization methods to produce a binarized 1mage.
This method 1s computationally complex because 1t requires
performing a plurality of separate binarization methods in
order to produce a binarized 1mage.

One way to keep computational complexity low while
producing a visually-pleasing document image 1s to produce
a grayscale document, rather than a binary document, where
the background of the grayscale document 1s essentially
white and the foreground 1s essentially black. The simplest
way to produce a grayscale image with an essentially white
background and an essentially black foreground is to apply a
global tonescaling function to the digitized document that
increases the image contrast. A drawback of this simple
method 1s that 1t produces visually unpleasant documents in
the presence of i1llumination non-uniformity and imaging
noise because the method treats foreground and background
pixel values the same. The artifacts that the method produces
include clouds of dark dots in areas where the 1llumination
during digitization was darker than other areas of the docu-
ment. Many methods have been disclosed that selectively
change the contrast of an image by altering pixel values 1n a
way that 1s responsive to the image pixel values.

A method described by Lee in commonly-assigned U.S.
Pat. No. 5,012,333, enfitled “Interactive dynamic range
adjustment system for printing digital images,” includes sepa-
rating an 1mage into a high-frequency 1image and a low-1ire-
quency 1mage by using FIR filters. A tonescale function 1s
applied to only the low-frequency 1image, and the high-fre-
quency i1mage 1s added to the tonescaled low-frequency
image. Another method to adaptively change the contrast of
an1mage 1s described 1n U.S. Pat. No. 5,454,044 to Nakajima,
entitled “Apparatus for enhancing image data using a
monotonously decreasing function.”” According to this
approach, the contrast of pixel values within regions that have
a high mean pixel value are decreased. Both of these methods
alter the pixel values in a manner that 1s adaptive to the image
content 1n order to preserve the high frequencies in the image,
but both methods produce undershoot and overshoot artifacts
near high-contrast edges. Moreover, neither of these methods
teaches how to produce a document image with a background
that 1s essentially white and a foreground that 1s essentially

black.

Commonly-assigned U.S. Pat. No. 6,317,521 to Gallagher
et al., entitled “Method for preserving image detaill when
adjusting the contrast of a digital image,” describes a method
that also includes separating an 1nput 1mage mnto a high-
frequency 1image and a low-frequency image, but in addition
includes an artifact avoidance function to avoid artifacts such
as those produced by the aforementioned U.S. Pat. No. 5,012,




US 8,594,446 B2

3

333 and U.S. Pat. No. 5,454,044. However, a drawback of this
method, when utilized to process a document 1image with a
background that i1s essentially white and a foreground that 1s
essentially black, 1s that i1t can produce artifacts. The method
utilizes an avoidance function which 1s active only near
edges. Within thin lines or letters the avoidance function may
switch from being active (1.e., 1t 1s sigmificantly less than one)
near an edge of a thin line or letter to being 1nactive (1.e., 1t 1s
essentially one) near the middle of the thin line or letter to
being active again near the opposite edge of the thin line or
letter. When the avoidance function 1s active, essentially only
the low-Irequency content 1mage 1s tonescaled and the high-
frequency content image 1s added without tonescaling. When
the avoidance function 1s mactive, essentially the sum of the
low-1frequency content (comprising positive pixel values) and
the high-frequency content (Ccomprising negative pixel values
within the aforementioned regions) 1s tonescaled. The posi-
tive pixel values from the low-frequency content will always
be larger than the sum of the positive pixel values from the
low-frequency content image plus the negative pixel values
from the high-frequency content image 1n the aforementioned
regions. Therefore, for a monotonically increasing tonescale,
the regions of the tonescaled image within thin lines or letters
where the avoidance function 1s active will be lighter than
similar regions where the avoidance function 1s mactive. This

results 1n artifacts where regions 1nside of thin lines or letters
are reproduced as gray rather than black.

Commonly-assigned U.S. Pat. No. 7,158,686 to Gindele et
al., enftitled “Enhancing the tonal characteristics of digital
images using inflection points 1 a tone scale function,”
describes a method to improve the tonal characteristics of a
digital 1mage which includes adaptively producing a tones-
cale function having a highlight tonescale segment and a
shadow tonescale segment. However, the method teaches
how to improve the tonal characteristics of natural scenes and
does not teach how to produce a document 1mage with a
background that 1s essentially white and a foreground that 1s
essentially black.

There remains a need for a computationally efficient
method to process a digitized document image captured with
non-uniform 1llumination to provide an enhanced image
where the background i1s essentially white and the text and
graphics are essentially black.

SUMMARY OF THE INVENTION

The present invention represents a method for enhancing a
document 1image, the method implemented at least 1n part by
a data processing system and comprising:

receiving a digitized image of a document containing text
or graphics, the digitized image 1including an array of pixels
having pixel values;

decomposing the digitized image into a pedestal image and
a residual 1mage, low-spatial-frequency content in the digi-
tized 1mage being primarily represented by the pedestal
image and high-spatial-frequency content in the digitized
image being primarily represented by the residual image;

determining a first gain factor image wherein the pixel
values of the first gain factor 1mage are a continuous mono-
tonic Tunction of the corresponding residual image pixel val-
ues, wherein the first gain factor image pixel values are being,
substantially equal to a first maximum gain for non-negative
residual 1image pixel values, and the first gain factor image
pixel values are being substantially equal to a first minimum
gain for residual image pixel values that are less than a first

residual threshold;
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4

determiming a second gain factor image wherein the pixel
values of the second gain factor image are a continuous
monotonic function of the corresponding residual image
pixel values, the second gain factor image pixel values being
substantially equal to a second minimum gain for non-nega-
tive residual 1mage pixel values, and the second gain factor
image pixel values being substantially equal to a second
maximum value for residual 1image pixel values less than a
second residual threshold:;
determining a scaled pedestal image by multiplying the
pedestal image by the first gain factor image;
determining a scaled residual 1mage by multiplying the
residual image by the second gain factor image;

determining an enhanced document 1image by combining,
the scaled pedestal image and the scaled residual image; and

storing the enhanced document image 1n a processor acces-
sible memory.

This invention has the advantage that it produces an
enhanced document 1image with a background that 1s essen-
tially white and a foreground that 1s essentially black.

It has the additional advantage that it 1s computationally
simple while producing a visually-pleasing document image.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a high-level diagram showing the components of
a system for enhancing a digitized image according to an
embodiment of the present invention;

FIG. 2 1s a flowchart of a method for enhancing a digitized
document 1n accordance with the present invention;

FIG. 3 1s a flowchart showing additional details for the
decompose 1mage step of FIG. 2;

FIG. 4 1s a flowchart showing additional details for the
determine first gain factor image step of FIG. 2;

FIG. 5 1s a flowchart showing additional details for the
determine second gain factor image step of FIG. 2;

FIG. 6A 1s a graph of an example first tonescale function;

FIG. 6B 1s a graph of an example second tonescale func-
tion; and

FIG. 7 1s a diagram showing a digital imaging system that
implements the method of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description, some embodiments of the
present mnvention will be described 1n terms that would ordi-
narily be implemented as software programs. Those skilled in
the art will readily recognize that the equivalent of such
soltware may also be constructed in hardware. Because
image manipulation algorithms and systems are well known,
the present description will be directed 1n particular to algo-
rithms and systems forming part of, or cooperating more
directly with, the method in accordance with the present
invention. Other aspects of such algorithms and systems,
together with hardware and software for producing and oth-
erwise processing the image signals involved therewith, not
specifically shown or described herein may be selected from
such systems, algorithms, components, and elements known
in the art. Given the system as described according to the
invention in the following, software not specifically shown,
suggested, or described herein that 1s usetul for implementa-

tion of the imvention 1s conventional and within the ordinary
skill 1n such arts.

The 1nvention 1s inclusive of combinations of the embodi-
ments described herein. References to “a particular embodi-
ment” and the like refer to features that are present 1n at least
one embodiment of the invention. Separate references to “an
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embodiment” or “particular embodiments™ or the like do not
necessarily refer to the same embodiment or embodiments;
however, such embodiments are not mutually exclusive,
unless so indicated or as are readily apparent to one of skill in
the art. The use of singular or plural i1n referring to the
“method” or “methods™ and the like 1s not limiting. It should
be noted that, unless otherwise explicitly noted or required by
context, the word “or” 1s used 1n this disclosure 1n a non-
exclusive sense.

FI1G. 1 1s a high-level diagram showing the components of
a system for enhancing a digitized image according to an
embodiment of the present invention. The system includes a
data processing system 110, a peripheral system 120, a user
interface system 130, and a data storage system 140. The
peripheral system 120, the user interface system 130 and the
data storage system 140 are communicatively connected to
the data processing system 110.

The data processing system 110 includes one or more data
processing devices that implement the processes of the vari-
ous embodiments of the present invention, including the
example processes described herein. The phrases “data pro-
cessing device” or “data processor” are intended to include
any data processing device, such as a central processing unit
(“CPU”), a desktop computer, a laptop computer, a main-
frame computer, a personal digital assistant, a Blackberry™,
a digital camera, cellular phone, or any other device for pro-
cessing data, managing data, or handling data, whether imple-
mented with electrical, magnetic, optical, biological compo-
nents, or otherwise.

The data storage system 140 includes one or more proces-
sor-accessible memories configured to store information,
including the information needed to execute the processes of
the various embodiments of the present invention, including,
the example processes described herein. The data storage
system 140 may be a distributed processor-accessible
memory system 1ncluding multiple processor-accessible
memories communicatively connected to the data processing,
system 110 via a plurality of computers or devices. On the
other hand, the data storage system 140 need not be a distrib-
uted processor-accessible memory system and, consequently,
may 1nclude one or more processor-accessible memories
located within a single data processor or device.

The phrase “processor-accessible memory™ 1s intended to
include any processor-accessible data storage device,
whether volatile or nonvolatile, electronic, magnetic, optical,
or otherwise, including but not limited to, registers, floppy
disks, hard disks, Compact Discs, DVDs, flash memories,
ROMs, and RAMs.

The phrase “communicatively connected” i1s imtended to
include any type of connection, whether wired or wireless,
between devices, data processors, or programs in which data
may be communicated. The phrase “communicatively con-
nected” 1s intended to 1include a connection between devices
or programs within a single data processor, a connection
between devices or programs located 1n different data proces-
sors, and a connection between devices not located 1n data
processors at all. In this regard, although the data storage
system 140 1s shown separately from the data processing
system 110, one skilled 1n the art will appreciate that the data
storage system 140 may be stored completely or partially
within the data processing system 110. Further 1n this regard,
although the peripheral system 120 and the user interface
system 130 are shown separately from the data processing
system 110, one skilled 1n the art will appreciate that one or
both of such systems may be stored completely or partially
within the data processing system 110.
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6

The peripheral system 120 may include one or more
devices configured to provide digital content records to the
data processing system 110. For example, the peripheral sys-
tem 120 may include digital still cameras, digital video cam-
eras, cellular phones, or other data processors. The data pro-
cessing system 110, upon receipt of digital content records
from a device in the peripheral system 120, may store such
digital content records 1n the data storage system 140.

The user interface system 130 may include a mouse, a
keyboard, another computer, or any device or combination of
devices from which data 1s input to the data processing system
110. In this regard, although the peripheral system 120 1s
shown separately from the user interface system 130, the
peripheral system 120 may be included as part of the user
interface system 130.

The user interface system 130 also may include a display
device, a processor-accessible memory, or any device or com-
bination of devices to which data 1s output by the data pro-
cessing system 110. In this regard, 11 the user interface system
130 includes a processor-accessible memory, such memory
may be part of the data storage system 140 even though the
user interface system 130 and the data storage system 140 are
shown separately 1n FIG. 1.

The present invention will now be described with reference
to FIG. 2. A digitized image 200, having been recerved by the
data processing system 110 of FIG. 1 from the data storage
system 140, the user interface system 130, or the peripheral
system 120, 1s decomposed by a decompose image step 205
into a pedestal image 210 and a residual image 215. The
pedestal 1mage 210 contains primarily the low-frequency
content of the digitized image 200 and the residual image
contains primarily the high-frequency content of the digitized
image 200. In a preferred embodiment, the digitized image
200 1s digitized by a digital scanner, a digital camera or a
smart phone.

A determine first gain factor image step 220 determines a
first gain factor image 223 responsive to the residual image
215 and the pedestal image 210. As will be discussed 1n more
detail later with reterence to FI1G. 4, the first gain factor image
225 1s such that 1ts pixel values are substantially equal to a first
maximum gain 420 for non-negative pixel values in the
residual 1mage 215, and 1ts pixel values are substantially
equal to a first minimum gain 425 for pixel values in the
residual image 215 that are less than a residual threshold 445.
The first maximum gain 420 1s determined to map a current
white 405 determined from the pedestal image 210 to a target
white 410 (e.g., about 255 for 8-bit 1mages). As the pixel
values of the residual image 215 vary from the residual
threshold 445 to zero, the corresponding pixel values of the
first gain factor image 225 increase monotonically from the
first minimum gain 425 to the first maximum gain 420. In
some embodiments, linear interpolation 1s used to transition
between the first minimum gain 4235 and the first maximum
gain 420.

A determine scaled pedestal image step 240 uses the ped-
estal image 210 and the first gain factor image 225 to deter-
mine a scaled pedestal image 245. In a preferred embodiment,
the scaled pedestal image 245 has pixel values that are sub-
stantially equal to the target white 410 where the first gain
factor image 225 1s substantially equal to the first maximum
gain 420 and the pixel values are substantially the same as the
pedestal image 210 where the first gain factor image 225 1s
substantially equal to the first minimum gain 425. In a pre-
terred embodiment, the determine scaled pedestal image step
240 determines the scaled pedestal image 245 by pixel-wise
multiplication of the first gain factor image 225 with the
pedestal image 210.
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A determine second gain factor image step 230 determines
a second gain factor image 235 responsive to the residual
image 215 and the pedestal image 210. As will be discussed 1n
more detail later with reference to FIG. 5, the second gain
factor image 235 1s such that its pixel values are substantially
equal to a second mimmum gain 530 for non-negative pixel
values 1n the residual 1mage 215, and 1ts pixel values are
substantially equal to a second maximum gain 525 for pixel
values 1n the residual image 215 that are less than a current
black 515 determined for the residual image 215. The second
maximum gain 325 1s determined to map the current black
515 to a target black 505 (e.g., about —128 for 8-bit 1mages).
As the pixel values of the residual image 215 vary from the
current black 515 to zero, the corresponding pixel values of
the second gain factor image 235 vary monotonically from
the second maximum gain 525 to the second minimum gain
530. In some embodiments, linear 1nterpolation 1s used to
transition between the second maximum gain 525 and the
second minimum gain 530.

A determine scaled residual image step 250 uses the
residual 1image 215 and the second gain factor image 233 to
determine a scaled residual image 255. In a preferred embodi-
ment, the scaled residual image 255 has pixel values that are
substantially equal to the target black 505 where the second
gain factor image 233 1s substantially equal to the second
maximum gain 525, and pixel values that are substantially the
same as the residual image 215 where the second gain factor
image 235 1s substantially equal to the second minimum gain
530. In a preferred embodiment, the determine scaled
residual image step 250 determines the scaled residual image
255 by pixel-wise multiplication of the second gain factor
image 235 with the residual image 215.

A determine enhanced image step 260 combines the scaled
pedestal 1image 245 and the scaled residual image 235 to
determine an enhanced image 263. In a preferred embodi-
ment, the determine enhanced 1image step 260 combines the
scaled pedestal image 245 and the scaled residual image 255
by summing them together to determine the enhanced image
265. The enhanced image 265 can then be stored 1n a proces-
sor-accessible memory (e.g., in the data storage system 140 of
FIG. 1) for uses such as viewing, printing or archiving.

The decompose 1mage step 205 will now be described 1n
more detail with reference to FIG. 3. A determine low-1re-
quency 1mage step 300 determines a low-frequency 1mage
305 utilizing any suitable method known 1n the art to produce
a “low-pass” 1mage.

In some embodiments, the method described by Gallagher
et al. in commonly assigned U.S. Pat. No. 6,317,521, entitled
“Method for preserving image detail when adjusting the con-
trast of a digital 1image,” 1s used to determine the low-Ire-
quency 1mage 305. This method uses a Gaussian convolution
filter with standard deviation of 2.5 pixels to produce the
low-1requency 1image 305. In other embodiments, a Gaussian
pyramid can be used to produce the low-frequency 1mage
305. In a preferred embodiment of the present ivention, a
wavelet transform at least six levels deep 1s used to produce
the low-1requency 1image 305, which will be a low-resolution
approximation image to the digitized image 200.

An upsample low-frequency image step 310 increases the
resolution (i.e., the total number of pixels) of the low-Ire-
quency 1mage 305 to the same resolution as the digitized
image 200 to produce the pedestal image 210. The upsample
low-frequency 1mage step 310 can use any upsampling
method known 1n the art to upsample the low-frequency
image 305. For example, the low-frequency image 305 can be
upsampled using pixel replication, or using an appropriate
interpolation method (e.g., bilinear or bicubic interpolation).
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In some embodiments, the low-frequency image 305 may
already have the same resolution as the digitized 1image 200
depending on the method used by the determine low-ire-
quency 1mage step 300. In such cases, the upsample low-
frequency 1mage step 310 can be skipped.

A determine residual image step 315 1s used to determine
the residual 1image 215 that contains primarily the high-fre-
quency content 1n the digitized image 200. Any frequency
content 1n the digitized image 200 that 1s not contained in the
pedestal image 210 1s considered to comprise the high-fre-
quency content. The determine residual image step 315 can
use any method known 1n the art to determine the residual
image 215. In a preferred embodiment, the residual 1mage
215 1s produced by subtracting the pedestal image 210 from
the digitized 1mage 200.

The determine first gain factor image step 220 1n FIG. 2
will now be described in more detail with reference to FIG. 4.
A determine current white step 400 determines a current
white 405 by analyzing the pedestal image. In some embodi-
ments, the current white 405 1s determined using the mean
<P> and standard deviation o, of the pixel values 1n the
pedestal image 210 (P). In a preferred embodiment, the cur-
rent white 405 (W ) 1s defined to be a value that 1s a certain
predefined number of standard deviations away from the
mean:

W =<P>+0p0p

(1)

where o5 1s a predefined constant, which 1s preferably nega-
tive. In a preferred embodiment, o., 1s equal to -3.

A determine first maximum gain step 415 determines a first
maximum gain 420 (Gmax1) responsive to the current white
405 and a predefined target white 410. In a preferred embodi-
ment, the first maximum gain 420 (G, ;) 1s determined by
dividing the target white 410 (W) by the current white 405
(W,):

G, (2)

The target white 410 1s preferably equal to 255 for 8-bit
images, but can be set to any preferred white value.

A determine residual threshold step 440 1s used to deter-
mine a residual threshold 445. Preferably, the residual thresh-
old 445 1s determined such that a pixel in the residual image
215 having a pixel value below the residual threshold 445
corresponds to foreground content 1n the digitized image 200,
and a pixel in the residual 1image 2135 having a pixel value
above the residual threshold 443 corresponds to background
content 1n the digitized image 200. In a preferred embodi-
ment, the determine residual threshold step 440 calculates a
non-directional gradient (VR) of the residual image 215 (R):

ax. 1 — W/Wc

VRz\/(VVR)%(V,,R)E (3)

where V R 1s a vertical-direction gradient of the residual
image 215 and V,R 1s a horizontal-direction gradient of the
residual 1image 215. The residual threshold 445 (1) 1s then
determined to be a value that 1s a certain predetermined num-
ber of standard deviations away from the mean of the non-
directional gradient of the residual image 215:

T=<VR>+P0Ovyp

(4)

where {3 1s a predefined constant, which 1s preferably nega-
tive, <VR> 1s the mean of the non-directional gradient of the
residual image 215 and Oy, 1s the standard deviation of the
non-directional gradient of the residual image 215. In a pre-
terred embodiment of the present invention, p 1s equal to 3.

A determine first tonescale function step 4350 1s used to
determine a first tonescale function 455 for application to the
residual 1mage 215. In a preferred embodiment, the first
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tonescale function 455 maps non-negative pixel values in the
residual image 215 to the first maximum gain 420, and maps
pixel values 1n the residual image 215 that are less than the
residual threshold 445 to a predefined first minimum gain
425. In a preferred embodiment, the first minimum gain 423
1s equal to 1.0. FIG. 6 A shows a graph of an example {first
tonescale function 435 having these characteristics. In this
case, the first tonescale function 435 linearly increases from
the first minimum gain 423 (G, , ) to the first maximum gain
420 (G, ) as the pixel values in the residual 1mage 215
(R(x,y)) transition from the residual threshold 4435 (1) to
zero. In other embodiments, different functional shapes can
be used for the first tonescale function 455, such as sigmoidal
functions or segment-wise exponential functions, as long as
they are monotonically increasing (non-monotonic functions
will generally not provide visually pleasing results).

Returming to a discussion of FIG. 4, an apply first tonescale
function step 460 applies the first tonescale function 455 to
the residual 1image to determine an initial first gain factor
image 465. An optional apply first low-pass filter step 470 can
be used to filter the mitial first gain factor image 465 with a
predefined first low-pass filter to regularize the gain factors
and determine the first gain factor image 225. In a preferred
embodiment, the apply first low-pass filter step 470 convolves
the 1nitial first gain factor image 4635 with a normalized 3x3
boxcar filter to determine the first gain factor image 225.
Alternatively, the 1mnitial first gain factor image 4635 can be
used directly as the first gain factor image 225.

The determine second gain factor image step 230 of FIG. 2
will now be described in more detail with reference to FIG. 5.
A determine current black step 510 determines a current
black 515 using the mean <R> and standard deviation o, of
the pixel values 1n the residual image 215 (R). Preferably, the
current black 515 (B_) 1s defined to be a value that 1s a certain
predefined number of standard deviations away ifrom the
mean:

b _=<R>40z0p

(3)

where o, 1s a predefined constant, which 1s preferably nega-
tive. In a preferred embodiment, o, 1s equal to -3.

A determine target black step 500 1s used to determine a
target black 505 (B,) by analyzing the pedestal image 210. In
a preferred embodiment, the determine target black step 500
sets the target black 505 to be equal to the negative of the
mean <P> of the pedestal image 210 (P):

B,=—<P> (6)

A determine second maximum gain step 520 determines a
second maximum gain 325 (G,,,, ,) by dividing the target

black 505 (B,) by the current black 515 (B_):

G

.

=B /B.. (7)

A determine second tonescale function step 533 1s used to
determine a second tonescale function 540 for application to
the residual image 215. In a preferred embodiment, the sec-
ond tonescale function 540 maps non-negative pixel values in
the residual image 213 to a predefined second minimum gain
530 (G,,,,, ») and maps pixel values in the residual image 215
that are less than a second residual threshold to the second
maximum gain 325 (G, »). Preferably, the second residual
threshold 1s equal to the current black 515 (B ). In a preferred
embodiment, the second minimum gain 530 1s equal to 1.0.
FIG. 6B shows a graph of an example second tonescale func-
tion 540 having these characteristics. In this case, the second
tonescale function 540 linearly decreases from the second
maximum gain 325 (G, .. ) to the second minimum gain 530
(G ,,.:,.) as the pixel values in the residual image 215 (R(X,y))
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transition between the current black 515 (B_) and zero. Other
functional shapes can be used for the second tonescale tunc-
tion 540, such as sigmoidal functions or segment-wise exXpo-
nential functions, as long as they are monotonically decreas-
ing (non-monotonic functions will generally not provide
visually pleasing results).

Returning to a discussion of FI1G. 5, an apply second tones-
cale Tunction step 345 applies the second tonescale function
540 to the residual image 215 to determine an 1nitial second
gain factor image 550. Optionally, an apply second low-pass
filter step 355 can be used to filter the in1tial second gain factor
image 550 with a predefined low-pass filter to regularize the
gain factors and determine the second gain factor image 235.
In a preferred embodiment, the apply second low-pass filter
step 555 convolves the 1nitial second gain factor image 550
with a normalized 3x3 boxcar filter to determine the second
gain factor image 235. Alternatively, the initial second gain
factor image 350 can be used directly as the second gain factor
image 235.

The above-described method for enhancing a document
image can be preceded or followed by any other types of
correction and enhancement operations known in the art.
Examples of such operations would include uniformity cor-
rection (e.g., to correct for non-uniformity itroduced when
the document was digitized), sharpening (e.g., to correct for
defocus or smear) and noise reduction. Geometric transforms
can also be applied to correct for lens aberrations (e.g., barrel
and pin-cushion distortion), document rotation and perspec-
tive warping.

The above-described method has been described with
respect to application to a single-channel 1mage. For cases
where the digitized document 1s a color 1image having a plu-
rality of color channels, the method 1s preferably applied to a
grayscale image that 1s formed from the color image. In a
preferred embodiment, the single-channel 1mage 1s a lumi-
nance channel determined by forming a weighted sum of the
color channels in the color image. Alternately, the single-
channel image corresponds to one of the color channels 1n the
color image. Many common digital image formats, such as
the well-known JPEG image format, encode digital image
data 1n a luma-chroma color space. In such cases the method
of the present invention can be applied directly to the luma
color channel. The chroma values can be retained, or can
alternately be set to zero to form a grayscale corrected 1image.
In other embodiments, the method of the present invention
can be applied sequentially to each color channel of a color
image.

The enhanced 1images 265 (FIG. 2) formed according to the
method of the present mnvention are well-suited for a variety
of application such as viewing on a soft-copy display or
printing on a digital printing device (e.g., an inkjet printer or
a laser printer). In some embodiments, a handheld electronic
device (e.g., a digital camera, a smart phone or a tablet com-
puter) can be used to capture the digitized images 200 (FIG.
2). A software application running on the handheld electronic
device can be used to implement the method of the present
invention to provide the enhanced images 265, which can
then be stored 1n a local memory, or transmitted to a network
storage device or a network-accessible digital printing device
(e.g., using a wireless network). In this way, the handheld
clectronic device can provide the function of a handheld
document scanner/copying system.

FIG. 7 shows an example of a smart phone 710 capturing a
digitized image 200 (FIG. 2) of a document 700. An applica-
tion program can be downloaded onto the smart phone 710 to
implement the method of the present invention. The applica-
tion program can be used to process the digitized image 200
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to provide an enhanced image 2635 (FIG. 2), which can be
viewed on a display 720 on the smart phone. The smart phone

710 can also include sotftware that enables 1t to send data to a
digital printing device 740 using a wireless network 730, such
as a WikF1 network or a cell-phone network, to produce a
printed document 750.

A computer program product can include one or more
non-transitory, tangible, computer readable storage medium,
for example; magnetic storage media such as magnetic disk
(such as a floppy disk) or magnetic tape; optical storage media
such as optical disk, optical tape, or machine readable bar
code; solid-state electronic storage devices such as random
access memory (RAM), or read-only memory (ROM); or any
other physical device or media employed to store a computer
program having instructions for controlling one or more com-
puters to practice the method according to the present inven-
tion.

The 1nvention has been described 1n detail with particular
reference to certain preferred embodiments thereof, but 1t will
be understood that vanations and modifications can be
elfected within the spirit and scope of the invention.

PARTS LIST

110 data processing system

120 peripheral system

130 user 1nterface system

140 data storage system

200 digitized 1image

205 decompose 1mage step

210 pedestal image

215 residual image

220 determine first gain factor image step
225 first gain factor image

230 determine second gain factor image step
235 second gain factor image

240 determine scaled pedestal image step
245 scaled pedestal image

250 determine scaled residual 1image step
2355 scaled residual image

260 determine enhanced 1mage step

265 enhanced 1mage

300 determine low-frequency 1mage step
305 low-frequency 1image

310 upsample low-frequency 1image step
315 determine residual image step

400 determine current white step

405 current white

410 target white

415 determine {irst maximum gain step
420 first maximum gain

425 first mimmum gain

440 determine residual threshold step
445 residual threshold

450 determine first tonescale function
435 first tonescale function

460 apply first tonescale function step
465 matial first gain factor image

470 apply first low-pass filter step

500 determine target black step

505 target black

510 determine current black step
515 current black

520 determine second maximum gain step
525 second maximum gain

530 second minimum gain

535 determine second tonescale function step
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540 second tonescale function

545 apply second tonescale function step
550 1nitial second gain factor image

535 apply second low-pass filter step
700 document

710 smart phone

720 display

730 wireless network

740 digital printing device

750 printed document

The mvention claimed 1s:

1. A method for enhancing a document 1image, the method
implemented at least 1n part by a data processing system and
comprising:

recerving a digitized 1image of a document containing text

or graphics, the digitized image including an array of
pixels having pixel values;
decomposing the digitized image 1nto a pedestal image and
a residual 1mage, low-spatial-frequency content 1n the
digitized image being primarily represented by the ped-
estal 1mage and high-spatial-frequency content 1n the
digitized 1mage being primarily represented by the
residual 1mage;
determining a first gain factor image wherein the pixel
values of the first gain factor image are a continuous
monotonic function of the corresponding residual image
pixel values, the first gain factor image pixel values
being substantially equal to a first maximum gain for
non-negative residual image pixel values, and the first
gain factor image pixel values being substantially equal
to a first minimum gain for residual 1image pixel values
that are less than a first residual threshold;
determining a second gain factor image wherein the pixel
values of the second gain factor image are a continuous
monotonic function of the corresponding residual image
pixel values, the second gain factor image pixel values
being substantially equal to a second minimum gain for
non-negative residual image pixel values, and the sec-
ond gain factor image pixel values being substantially
equal to a second maximum value for residual 1mage
pixel values less than a second residual threshold;

determiming a scaled pedestal image by multiplying the
pedestal 1mage by the first gain factor image;

determining a scaled residual 1image by multiplying the
residual 1mage by the second gain factor image;

determining an enhanced document 1image by combining,
the scaled pedestal image and the scaled residual image;
and

storing the enhanced document image 1n a processor acces-

sible memory.

2. The method of claim 1 further including determining a
current white, and wherein the first maximum value 1s equal
to a ratio of a target white point to the current white.

3. The method of claim 2 wherein the current white 1s
determined by analyzing a distribution of pedestal image
pixel values.

4. The method of claim 3 wherein the current white 1s
determined by calculating a mean and standard deviation of
the pedestal image pixel values, and setting the current white
to be equal to the mean of the pedestal image pixel values
minus a predefined number of standard deviations of the
pedestal image pixel values.

5. The method of claim 1 further including determining a
current black and a target black, and wherein the second
maximum value 1s equal to a ratio of the target black to the
current black.
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6. The method of claim 5 wherein the current black 1is
determined by analyzing a distribution of residual image
pixel values.

7. The method of claim 6 wherein the current black 1s
determined by calculating a mean and a standard deviation of
the residual 1mage pixel values, and setting the current black
to be equal to the mean of the residual 1image pixel values
minus a predefined number of standard deviations of the
residual image pixel values.

8. The method of claim 5 wherein the target black 1s deter-
mined by analyzing a distribution of pedestal image pixel
values.

9. The method of claim 8 wherein the target black 1s deter-
mined by calculating a mean of the pedestal image pixel
values, and setting the target black to be equal to negative one
times the mean of the pedestal image pixel values.

10. The method of claim 1 wherein the first minimum gain
1s substantially equal to one and the second minimum gain 1s
substantially equal to one.

11. The method of claim 1 further including the step of
convolving the first gain factor image with a low-pass filter
betfore using 1t to determine the scaled pedestal image.

12. The method of claim 1 further including the step of
convolving the second gain factor image with a low-pass filter
betore using 1t to determine the scaled residual image.

13. The method of claim 1 wherein the digitized image 1s
captured using a digital camera or a digital scanner.

14. The method of claim 1 wherein the document has a
substantially uniform background.

15. The method of claim 1 wherein the residual 1mage 1s
equal to the digitized image minus the pedestal image.

16. The method of claim 1 wherein a wavelet transform 1s
used to decompose the digitized image 1nto the pedestal
image and the residual image.

17. The method of claim 1 further including applying a
geometric transform to the digitized image to correct for lens
aberrations, perspective warping or rotation introduced when
the document was digitized to provide the digitized image.

18. The method of claim 1 further including applying a
uniformity correction operation to compensate for non-uni-
formity introduced when the document was digitized to pro-
vide the digitized image.

19. The method of claim 1 wherein the digitized 1mage 1s a
grayscale digitized image that was formed from a color digi-
tized 1mage.

20. The method of claim 1 wherein the digitized 1image 1s a
luminance channel of a color digitized 1mage.

21. The method of claim 1 further including printing the
enhanced document 1image using a digital printing device.

22. A digital imaging system comprising:

an 1mage sensor for capturing a digitized image;
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an optical system for forming an 1mage of a document onto
the 1mage sensor;

a data processing system; and

a memory system communicatively connected to the data
processing system and storing istructions configured to
cause the data processing system to implement a method

for enhancing a document 1image, wherein the method
includes:
using the 1image sensor to capture a digitized 1mage of a
document containing text or graphics, the digitized
image including an array of pixels having pixel val-
ues;
decomposing the digitized image 1nto a pedestal image
and a residual 1mage, the low-spatial-frequency con-
tent in the digitized 1mage being primarily repre-
sented by the pedestal image and the high-spatial-
frequency content i1n the digitized i1mage being
primarily represented by the residual image;
determining a first gain factor image wherein the pixel
values of the first gain factor 1mage are a continuous
monotonic function of the corresponding residual
image pixel values, the first gain factor image pixel
values being substantially equal to a first maximum
gain for non-negative residual image pixel values, and
the first gain factor image pixel values being substan-
tially equal to a first minimum gain for residual image
pixel values that are less than a first residual threshold;
determining a second gain factor image wherein the
pixel values of the second gain factor image are a
continuous monotonic function of the corresponding
residual 1image pixel values, the second gain factor
1image pixel values being substantially equal to a sec-
ond minimum gain for non-negative residual image
pixel values, and the second gain factor image pixel
values being substantially equal to a second maxi-
mum value for residual image pixel values less than a
second residual threshold;
determining a scaled pedestal image by multiplying the
pedestal image by the first gain factor image;
determining a scaled residual image by multiplying the
residual image by the second gain factor image;
determining an enhanced document 1mage by combin-
ing the scaled pedestal image and the scaled residual
1mage;
storing the enhanced document 1image 1n a processor
accessible memory.
23. The method of claim 22 wherein the digital imaging
system 1s a digital scanner, a digital camera or a camera

50 phone.
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